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ABSTRACT
Fiber based ultrashort pulse laser sources are desirable for many applications; however generating
high peak powers in fiber lasers is primarily limited by the onset of nonlinear effects such as selfphase modulation, stimulated Raman scattering, and self-focusing. Increasing the fiber core
diameter mitigates the onset of these nonlinear effects, but also allows unwanted higher-order
transverse spatial modes to propagate. Both large core diameters and single-mode propagation can
be simultaneously attained using photonic crystal fibers.
Thulium-doped fiber lasers are attractive for high peak power ultrashort pulse systems. They offer
a broad gain bandwidth, capable of amplifying sub-100 femtosecond pulses. The longer center
wavelength at 2 μm theoretically enables higher peak powers relative to 1 μm systems since
nonlinear effects inversely scale with wavelength. Also, the 2 μm emission is desirable to support
applications reaching further into the mid-IR.
This work evaluates the performance of a novel all-fiber pump combiner that incorporates a
thulium-doped photonic crystal fiber. This fully integrated amplifier is characterized and possesses
a large gain bandwidth, essentially single-mode propagation, and high degree of polarization. This
innovative all-fiber, thulium-doped photonic crystal fiber amplifier has great potential for enabling
high peak powers in 2 μm fiber systems; however the current optical-to-optical efficiency is low
relative to similar free-space amplifiers. Further development and device optimization will lead to
higher efficiencies and improved performance.

iii

TABLE OF CONTENTS
LIST OF FIGURES ....................................................................................................................... vi
LIST OF TABLES ......................................................................................................................... ix
LIST OF ABBREVIATIONS ......................................................................................................... x
CHAPTER 1: INTRODUCTION ................................................................................................... 1
CHAPTER 2: FIBER STRUCTURE FOR USE IN LASERS ....................................................... 4
2.1 Waveguide Modes and Useful Relations ............................................................................ 5
2.2

Advancements in Step-Index Fiber Laser Design ............................................................. 7

2.2.1 Polarization Maintaining Fibers ................................................................................... 7
2.2.2 Double-Clad Fibers ...................................................................................................... 8
2.2.3 Techniques to Increase MFA in SIF ............................................................................ 9
2.3 Photonic Crystal Fibers ..................................................................................................... 10
2.4 Thulium as a Laser Dopant ............................................................................................... 12
2.4.1 Spectroscopic Properties ............................................................................................ 13
2.4.2 Applications at 2 μm .................................................................................................. 15
CHAPTER 3: LIMITATIONS FOR SCALING PEAK POWERS .............................................. 16
3.1 Nonlinear Effects .............................................................................................................. 17
3.1.1 Self-focusing .............................................................................................................. 17
3.1.2 Self-phase Modulation ............................................................................................... 18
iv

3.1.3 Stimulated Raman Scattering ..................................................................................... 18
3.1.4 Stimulated Brillouin Scattering.................................................................................. 20
3.2 Multimode Interference .................................................................................................... 21
3.3 Recent Progress in Scaling Peak Powers .......................................................................... 22
CHAPTER 4: “ALL-FIBER” LASER SYSTEMS....................................................................... 27
4.1 Fiber Components ............................................................................................................. 27
4.1.1 Fiber Pump Combiners .............................................................................................. 29
4.2 “All-fiber” 2 μm Systems ................................................................................................. 31
CHAPTER 5: CHARACTERIZATION OF A PCF PUMP COMBINER FOR POTENTIAL USP
AMPLIFICATION ....................................................................................................................... 32
5.1 3 MW, sub-500 Femtosecond, Thulium-doped Fiber Laser ............................................. 32
5.2 Integrated PCF Pump Combiner ....................................................................................... 36
5.3 CW Characterization of an Integrated, All-fiber, Tm:PCF Amplifier .............................. 40
5.3.1 Characterization using ASE Seed .............................................................................. 41
5.3.2 Characterization using Laser Seed ............................................................................. 47
5.4 Experimental Conclusions ................................................................................................ 55
CHAPTER 6: CONCLUSIONS ................................................................................................... 59
REFERENCES ............................................................................................................................. 62

v

LIST OF FIGURES
Figure 1. (a) Ray diagram for a fiber waveguide. (b) Refractive index profile for a SIF. ............. 4
Figure 2. Electric field profile for LPlm modes, red and blue denote opposite phase [13]. .......... 5
Figure 3. PM-DC-SIF. Left: Preferred input polarization to maintain linear output polarization.
Right: Cross-sectional refractive index profile. .............................................................................. 8
Figure 4.

PM-DC-PCF cross-sectional schematic and effective-index profile: Λ – pitch, d –

diameter......................................................................................................................................... 11
Figure 5.

Energy level diagram for thulium-doped silica fiber, and energy processes that can

occur between two ions. ................................................................................................................ 13
Figure 6. Jablonski diagram for Rayleigh and Raman scattering. .............................................. 19
Figure 7. Graphical demonstration of CPA. ............................................................................... 23
Figure 8. Historical peak powers from USP, single fiber amplifiers [8, 50, 56, 92-96] ............. 24
Figure 9. Basic, free-space, fiber laser schematic. ...................................................................... 27
Figure 10. Fiber laser system utilizing “all-fiber” components. ................................................. 28
Figure 11. Left: Diagram of how a TFB is implemented [115]. Right: Facet profile schematic for
a (6+1):1 bundle with surrounding capillary. ............................................................................... 30
Figure 12.

(a) 3 MW system’s soliton ML oscillator. (b) Typical spectrum for the oscillator,

exhibiting Kelly sidebands [89]. ................................................................................................... 33
Figure 13. Spectrum of the pulse reflecting off the CBG, and the CBG’s reflectance window [89].
....................................................................................................................................................... 34
Figure 14. 3 MW system’s schematic; CBG: chirped Bragg grating, MA: mode-field adaptor. 34

vi

Figure 15. Top: Spectra at various points around the LMA Tm:SIF amplifier. MMI occurs after
the MA and is further aggravated with amplification. Bottom: Autocorrelation trace [8]. .......... 35
Figure 16. Typical PCF pump combiner architecture. ................................................................ 37
Figure 17. Thermal image of a similar combiner at 1.5 kW pump power [134]. ....................... 38
Figure 18. (a) 25/250 signal input facet. (b) 50/250 passive PCF facet (the pump combiner was
purchased pre-spliced to Tm:PCF, this image is of a typical passive PCF matched for Tm:PCF
from NKT Photonics). .................................................................................................................. 39
Figure 19. Top: Picture of initial set-up for the PCF pump combiner. Bottom: Schematic for the
Tm:PCF amplifier and image of Tm:PCF output facet. ............................................................... 40
Figure 20. Set-up for characterizing amplification of a broadband ASE source. LD – 35 W, 79x
nm pump diode, L – lens, HWP – half-wave plate, DM – dichroic mirror. ................................. 42
Figure 21. (a) Spectrum of the ASE source. (b-d) Amplified spectrum at pump powers of 10 W,
17 W, 25 W, 33 W. (f) Onset of parasitic lasing, which occurred at pump powers of ~35 W. Insets
for (b-d) show the corresponding far-field beam images.............................................................. 44
Figure 22. S2 analysis to detect HOM content in (left) 25/400 LMA SIF and (right) 50/250 PCF
[28]. ............................................................................................................................................... 46
Figure 23. Set-up for characterizing amplification of a laser source. LD – 35 W, 79x nm pump
diode, L – lens, HWP – half-wave plate, DM – dichroic mirror, P – polarizing beam cube, M –
highly-reflective mirror at 2 μm.................................................................................................... 47
Figure 24. M2 measurement taken at ~10 W of pump power for the amplified laser seed. ....... 48
Figure 25. Left: Slope efficiencies (core light only) and unabsorbed pump power for the amplified
seed. Right: Far-field beam profiles at denoted output powers. ................................................... 50
vii

Figure 26. Slope efficiencies for varying seed powers. .............................................................. 51
Figure 27. Thermal image of pump diode, water-chilled plate, and pump combiner at maximum
pump power of ~55 W. Printed temperatures are relative to temperatures with no pump. .......... 52
Figure 28. PER of the amplified seed throughout the amplification range. ............................... 54

viii

LIST OF TABLES
Table 1. Loss specifications for PCF pump combiner. ............................................................... 39

ix

LIST OF ABBREVIATIONS
ASE

Amplified spontaneous emission

CBG

Chirped Bragg grating

CPA

Chirped pulse amplification

CW

Continuous-wave lasing

DC

Double-clad fiber

FBG

Fiber Bragg gratings

HOM

Higher-order modes

LMA

Large mode area

LCF

Leaky channel fibers

LP

Linearly polarized modes

LPF

Large-pitch photonic crystal fibers

MA

Mode-field adaptors

MFA

Mode field area

ML

Mode-locked

MMI

Multimode interference

MOPA

Master oscillator, power amplifier

NA

Numerical aperture

NLE

Nonlinear effects

PCF

Photonic crystal fiber

PER

Polarization extinction ratio

PM

Polarization maintaining fiber

SIF

Step-index fiber
x

SBS

Stimulated Brillouin scattering

SPM

Self-phase modulation

SRS

Stimulated Raman scattering

SSFS

Soliton self-frequency shift

TFB

Tapered fiber bundles

Tm

Thulium (specifically the laser-active ion Tm3+)

USP

Ultrashort pulse

xi

CHAPTER 1: INTRODUCTION
Lasers operating in the ultrashort pulse (USP) regime, with pulse durations from picoseconds to
femtoseconds, are useful for applications such as materials processing, remote sensing, laser
spectroscopy, terahertz generation, high-intensity physics, medicine, and many others [1-7]. For
several of these uses, it is advantageous to produce high peak power/high energy in addition to
ultrashort pulse duration. Consequently, methods are continuously being investigated to scale peak
powers in USP systems.
Most high peak power USP systems use bulk solid-state media, producing record output powers
at the expense of large spatial footprints and numerous free-space optics. Whereas free-space
systems are sensitive to misalignment; fully integrated fiber lasers offer compact, environmentally
stable, and modular systems. Because of these key advantages, there has been growing interest in
scaling peak powers specifically in fiber-based USP systems.
This thesis focuses on developments and future perspectives in scaling peak powers in USP fiber
systems, with primary interest in evolving towards an “all-fiber” structure. “All-fiber” placed in
quotes will signify the use of fiberized components, which may include free-space optics packaged
to virtually eliminate alignment sensitivity. To further advance peak power scaling in a custombuilt, 3 MW, sub-500 femtosecond 2 μm system [8], a novel all-fiber pump combiner that
incorporates a thulium-doped photonic crystal fiber amplifier is characterized. This component is
suitable to mitigate multimode interference, which degraded the compressed pulse quality of the
3 MW system [8].
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In Chapter 2, optical propagation in fibers is briefly discussed followed by the advancements in
fiber laser geometries. Many of the unwanted nonlinear effects, as well as fiber facet damage, scale
with mode field area. Therefore, an important area of research has been to enlarge fiber diameters
while maintaining single transverse mode propagation. In section 2.3, a microstructured fiber,
known as photonic crystal fiber, is presented. This design has successfully enabled production of
ultra large mode area fibers with single-mode beam quality. Lastly, because the experimental work
described in this thesis has been performed at 2 μm using thulium-doped fibers, a brief description
of thulium’s properties and benefits are provided in section 2.4.
In Chapter 3, limitations and recent progress in scaling USP fiber systems are discussed. Wave
propagation in fibers is typically associated with relatively long distances and tight confinement,
making nonlinear phenomena key limitations. The nonlinear limitations that will be considered in
section 3.1 are: self-focusing, self-phase modulation, stimulated Raman scattering, and stimulated
Brillouin scattering. Lastly, pulse degradation due to multimode interference is detailed in section
3.2. This was the limiting factor discovered in the 3 MW USP system, and the component
investigated in Chapter 5 is suggested to overcome multimode interference.
In Chapter 4, complications and realizations of an “all-fiber” high power system is examined.
Section 4.1 lists a brief overview of the fiberized components required and their progress, with
special emphasis on components developed for 2 μm. Due to the nature of this report, section 4.1.1
specifically discusses step-index fiber pump combiners. Lastly, section 4.2 displays some recent
work toward “all-fiber” USP systems.
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In Chapter 5, an all-fiber pump combiner that includes the aforementioned photonic crystal fiber
is characterized for potential use as an amplifier in the custom-built, 3 MW USP system. While
the slope efficiency is low at 22.1 %, the beam quality is excellent with M2 < 1.1. Also, no spectral
modulations are observed when amplifying a broadband spontaneous emission source. The lack
of spectral modulations corroborates the quasi-single-mode beam quality, demonstrating the
potential of this component to avoid multimode interference during amplification. This chapter
will discuss possible optimization in the pump combiner design to improve slope efficiencies as
well as eliminate random polarization state fluctuations that were observed.
Lastly, Chapter 6 concludes this thesis with an overview of peak power scaling and future research
efforts in USP thulium-fiber system in LPL. Possible implementations and necessary changes are
provided to enlighten the multiple paths this research could take.
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CHAPTER 2: FIBER STRUCTURE FOR USE IN LASERS
Optical fibers are circularly symmetric waveguides, commonly produced using silica glass. To
facilitate light guidance by total internal reflection, the properties of the fiber are modified where
the core region has a higher index of refraction than the cladding region. The design incorporating
a discrete index change is known as a step-index fiber (SIF) [9-11]. Figure 1a is an example of a
light ray entering a SIF at an entrance angle, θ0, then confined to the core by a critical angle, θc.
Figure 1b represents the index of refraction, n, for radial positions along the SIF, where n0 is the
refractive index of the outside environment. The fiber core and cladding radius are denoted by a
and b, respectively.

Figure 1. (a) Ray diagram for a fiber waveguide. (b) Refractive index profile for a SIF.
Using the electromagnetic wave equations and imposing the fiber boundary conditions, many
interesting consequences and useful formalisms appear. The important ones for this discussion are
waveguide modes, mode field area (MFA), V-number, and numerical aperture (NA), which are
outlined in section 2.1. Section 2.2 will present the developments of polarization maintaining (PM)
4

fibers, double-clad (DC) fibers, MFA expansions in SIF, and their successful impacts on fiber
lasers. Section 2.3 introduces the novel fiber design – photonic crystal fibers (PCF). These fibers
provided one avenue for further MFA scaling with innovative microstructured architectures.
Lastly, section 2.4 overviews the rare-earth ion thulium (Tm3+) when doped in silica fibers, and
the benefits of thulium’s 2 μm emission wavelength.

2.1 Waveguide Modes and Useful Relations
After solving the wave equation confined to radial symmetry (a fiber) and assuming linear
polarization (a preferred feature), the possible transverse modes that can propagate are denoted as
LPlm (LP stands for linear polarization) [11]. The fundamental mode, LP01, is a Bessel function but
can be approximated as a Gaussian distribution [12], and is the preferred mode for many laser
systems. It has the simplest propagation characteristics and can be focused to the smallest spot.
Concerning the majority of high peak power USP lasers, all other modes are undesirable and are
known as higher-order modes (HOM). Figure 2 illustrates the spatial profile for some of these
modes.

Figure 2. Electric field profile for LPlm modes, red and blue denote opposite phase [13].
5

As will be seen in Chapter 3, many nonlinear effects scale with MFA and not necessarily core
diameter. MFA is the effective spatial area of the electromagnetic wave, and is generally defined
by Equation 1, where 𝐼(𝑟) is the radial intensity profile [14].
∞

MFA =

2𝜋(∫0 𝐼(𝑟)𝑟𝑑𝑟 )

2

∞

(∫0 𝐼 2 (𝑟)𝑟𝑑𝑟 )

(1)

For Gaussian beams, the MFA corresponds to the area using the 1/𝑒 2 beam radius (where intensity
drops to 1/𝑒 2 of maximum), or simply: MFAGaussian ≅ 𝜋𝑤02 [14, 15]. For SIF and Gaussian beam
propagation, scaling core diameter consequently scales MFA.
The V-number is a useful parameter for determining if SIF is single-mode. Single-mode behavior
for SIF is ensured for V < 2.405 because HOM cannot be supported [11, 12]. NA is another useful
quantity, it defines the maximum entrance angle (𝜃0 from Figure 1) that still allows coupling into
the core. These two parameters are expressed in Equations 2 and 3.

2
2
NA = 𝑛0 ∙ sin(𝜃0 ) = √𝑛𝑐𝑜𝑟𝑒
− 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

𝑉=

2𝜋
𝜆

∙ 𝑎 ∙ NA

(2)

(3)

As seen in Equation 3, for a given wavelength λ, the only way to scale core diameter and maintain
single-mode operation is to decrease NA. Current fiber fabrication limits NA ≥ 0.05 for SIF,
allowing theoretical single-mode core diameters of 30 μm for 2 μm light, and 15 μm for 1 μm light.
Therefore, MFA are limited to ~200 μm2 for 1 μm light. Because of this limit, extensive research
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is continually being conducted on ways to scale MFA in SIF while remaining single-mode. The
next section discusses these techniques, as well as the successes of PM and DC fibers.

2.2

Advancements in Step-Index Fiber Laser Design
2.2.1 Polarization Maintaining Fibers

For an ordinary SIF as pictured in Figure 1, coiling and mechanical stress can induce small
birefringence fluctuations in the fiber. Therefore, a linear input polarization will react to this
random birefringence to produce a noisy output polarization. Stable, highly polarized outputs are
useful for many applications [16]. So to combat this, PM fibers were developed that incorporate
thermal-expansion-contrasting stress rods (usually boron doped), such as the commercial PANDA
geometry seen in Figure 3 [17]. These rods generate strong stress-induced birefringence along the
fiber. By launching linearly polarized light either parallel or perpendicular to these stress rods, the
output polarization will remain linear as well. The polarization contrast can be quantified by the
polarization extinction ratio (PER) defined in Equation 4.
Power in preferred polarization

PER = 10 ∙ log (Power not in preferred polarization)

(4)

PER greater than 15 dB is routinely demonstrated in PM fiber lasers, even for high power systems
[18, 19]. Advanced designs, such as elliptical cores and air-filled stress rods, can lead to single
polarization fibers with PER ~ 60 dB [20].
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2.2.2 Double-Clad Fibers
For fiber lasers, the core is doped with an active ion for a gain medium. To initate lasing, a pump
source must be applied to excite the ions. High power pump sources for fiber laser applications
are usually diode based, typically emitting multimode and high NA light. As discussed in section
2.1, the core is preferentially designed to maintain single-mode beam quality, which prevents the
coupling of multimode pump diodes into the core. To circumvent these challenges, DC fibers were
developed that employ a higher-index inner cladding surrounded by a lower-index outer cladding,
seen in Figure 3 [21]. Therefore, high power multimode pump sources can be coupled into a large
area inner cladding that overlaps the core gain medium. This permits longer pump absorption
lengths, and by 1999 enabled output powers exceeding 100 W from a continous-wave (CW) fiber
laser [22, 23].

Figure 3. PM-DC-SIF. Left: Preferred input polarization to maintain linear output polarization.
Right: Cross-sectional refractive index profile.
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2.2.3 Techniques to Increase MFA in SIF
With the addition of PM-DC fibers, fiber lasers could be constructed with a high degree of
polarization, and large output powers due to increased pump coupling. While the DC design
enabled average power scaling, methods to increase MFA while remaining single-mode were
necessary to mitigate nonlinear effects and damage, such as for peak power scaling.
A simple method commonly used to improve the mode quality of large mode area (LMA) SIF is
bending the fiber to induce HOM loss. Coiling the fiber causes confined radiation to leak out [24,
25], and has been shown to occur more strongly for HOM than the fundamental mode [26, 27]. By
taking advantage of this principle, LMA SIF that allow few HOM, with V > 2.405, can be coiled
to preferentially cause enough HOM loss to overcome their gain. This then produces an effectively
single-mode output. For example, the LMA Tm:SIF amplifier used in the 3 MW system was shown
to provide reduced HOM content with 10 cm coiling diameters [28]. However, tight bending
causes mode-field distortion, reduced MFA, and loss for the fundamental mode. With all taken
into consideration, effective single-mode MFA are limited to < 400 μm2 at 1 μm wavelengths and
0.06 NA by using simple HOM bend loss techniques [29], a factor of ~2 increase from
conventional SIF.
While HOM bend suppression is the most common method, many other SIF designs have been
proposed and demonstrated for single-mode MFA scaling. Some of these techniques include: gain
guided, index anti-guided fibers [30, 31]; helical core fibers [32]; gain filtering fibers [33];
chirally-coupled core fibers [34]; or by using a long-period grating to couple HOM to fundamental
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mode [35]. Optimal seed coupling, with fiber bending and specialized techniques, have seen
effectively single-mode excitation of SIF with MFA up to ~700 μm2 [36].

2.3 Photonic Crystal Fibers
Even though impressive MFAs have been demonstrated in SIF via the aforementioned techniques,
a different notable approach is photonic crystal fiber (PCF) [37, 38]. PCF abandon the
conventional SIF refractive index pedestal seen in Figure 1, and employ periodic structure in the
fiber. These microstructured fibers have opened a breadth of research, too plentiful to be
considered here [39-42]. Relevant to this report, PCF with solid cores are discussed.
PCF structure incorporates an array of periodically spaced holes (typically filled with air, as in this
research) surrounding a solid-core region, seen in Figure 4. The guiding properties are then
dictated by the diameter d, and pitch Λ, of the holes [43]. When these structure sizes are on the
order of the wavelength, the medium can be described with an effective refractive index, which is
less than the solid core [44]. This effectively operates as a SIF. This effective-medium also permits
a V-number parameter [45, 46], and has been shown that tuning d and Λ can allow endlessly singlemode operation [47].
Consequently, by optimizing d and Λ, PCF offers much greater flexibility in manufacturing the
“index-step” than SIF. This is attractive for fiber amplifiers because it permits fabrication of low
NA, and very large MFA while simultaneously enabling effective single-mode operation. Both
ytterbium and thulium-doped PCF utilizing this design have enabled MFA ~ 1000 μm2 with M2 <
1.2 [48, 49] (M2 ~ 1 is considered essentially single mode, see section 5.3.2). This is a factor of ~5
increase from conventional SIF. Also, by surrounding the central region with a larger air-filled
10

cladding, a large NA DC-PCF is produced, seen in Figure 4. Stress rods can also be introduced in
the same fashion as SIF to facilitate highly polarized outputs.
Increasing the MFA over 1000 μm2 in PCF hinders the fiber rigid, and unable to be bent due to
fracture or large bend losses. While this ruins one benefit of fiber systems, these rod-like-PCFs
enable ultra large MFA that were previously inaccessible. Ytterbium-doped rod-PCFs have been
reported with MFA of 4000 μm2 [50], and upwards of ~5500 μm2 with M2 = 1.3 [51]. Recently, a
thulium-doped rod-PCF with MFA > 2800 μm2 and M2 < 1.3 was demonstrated [52].

Figure 4. PM-DC-PCF cross-sectional schematic and effective-index profile: Λ – pitch, d –
diameter.
While effective-index guiding PCF surpassed the effective single-mode MFA limit of SIF, it has
been shown that these PCF are not strictly single-mode [53]. Proper signal launch conditions
enable these systems to be operated effectively single-mode, but at high powers these HOM may
cause problems. Secondly, HOM in effective-index guiding PCF overlap the core, therefore
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scaling core diameters reduces the HOM discrimination relative to the fundamental mode,
presenting a limit for MFA scaling. The most recent design to enable further MFA scaling with
effective single-mode operation are large-pitch photonic crystal fibers (LPF), in which Λ is 10
times greater than the wavelength [54]. These designs have inherently lossy modes, and were first
termed leakage channel fibers (LCF) with ytterbium-doped MFA of 3100 μm2 [55]. Recent LPF
designs de-localize HOM from overlapping the doped-core [43]. Thus, the HOM experiences
little-to-no gain compared to the fundamental Gaussian-like mode, resulting in large modal
discrimination. This design has demonstrated record-breaking ytterbium-doped MFA of 8600 μm2
[56], and record-breaking thulium-doped MFA of 3100 μm2 [57].
While record MFA have been demonstrated with PCF, some drawbacks to these designs are: high
costs, short fiber lengths (~1 meter), substantial bend losses for rod-PCF, and difficulty for allfiber integration. Large transmission losses accrue when attempting to splice to all-solid fibers, as
well as the difficulty in preventing air hole collapse from the splice process. Thus, these systems
primarily use free-space coupling. Nonetheless, PCF-based amplifiers have produced record peak
powers/pulse energies in many fiber systems [50, 51, 56, 58-60], as detailed in section 3.3.

2.4 Thulium as a Laser Dopant
Most fiber lasers incorporate ytterbium or erbium as the active ion. These are preferentially
selected for high optical-to-optical efficiencies and for their mature fiberized components in these
wavelength ranges [23]. In this work, thulium is used for three main reasons: large gain bandwidth,
increase in nonlinear thresholds, and applications at 2 μm. Thulium’s drawbacks are namely low
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efficiency, and immature fiber components for 2 μm. In this section, thulium’s spectroscopic
properties are presented followed by applications at 2 μm.

2.4.1 Spectroscopic Properties
Thulium is a rare-earth ion, and has a complex energy level diagram when doped in silica. The
most notable feature is the wide emission range of 1.7 – 2.1 μm [61-63]. This large bandwidth is
unique for rare-earth ions, and supports generation and subsequent amplification of sub-100
femtosecond transform-limited pulses. Figure 5 shows the energy level diagram for thulium,
including two important effects: cross-relaxation and up-conversion.

Figure 5. Energy level diagram for thulium-doped silica fiber, and energy processes that can
occur between two ions.
An important aspect in choosing a pump wavelength is the quantum defect; this is approximately
the loss in energy from converting one pump photon to one signal photon. The excess energy will
13

be transferred to heat, which must be extracted. Ideally, in-band pumping at the 1.5 – 1.9 μm
regime would minimize the quantum defect. This can be accomplished using high power erbiumdoped fiber lasers [64, 65]. However, these are more expensive relative to commercial pump
diodes and provide less pump power. Therefore, the 0.79 μm band is used because there exist
multitudes of commercially available high power pump diodes [66]. This would seem to limit
optical-to-optical efficiencies to ~40 %, however cross-relaxation can theoretically increase this to
~80 % [67].
Cross-relaxation allows energy from one ion’s 3H4 → 3F4 transfer to excite a nearby ion from 3H6
to 3F4. Optimizing thulium doping concentrations, with aluminum co-doping to reduce clustering
[68], have demonstrated efficiencies reaching 74 % [67]. Nonetheless, typical high power thuliumdoped systems operate at 50 – 60 % efficiency, requiring forced air-cooling or water-cooled
mandrels for optimal heat extraction. Furthermore, exploitation of cross-relaxation has yet to be
observed in PCF, limiting efficiencies to less than 40 %.
Energy up-conversion is nearly opposite to cross-relaxation. In this case, a signal photon is
transferred to an already excited ion promoting it to a higher state [63]. This energy transfer can
become dominant for very small ion-ion separations, leading to increased thresholds and low slope
efficiencies if clustering isn’t prevented. Therefore, optimal co-doping concentrations are crucial
in thulium-doped fiber design to prevent clustering, for maximizing cross-relaxation while
minimizing energy up-conversion [68].
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2.4.2 Applications at 2 μm
One interesting application exploiting thulium’s large gain bandwidth is atmospheric sensing and
ranging. Within the 1.7 – 2.1 μm region, there is both high atmospheric transmission as well as
water and CO2 absorption [69]. By utilizing a tunable wavelength source [70], both these
applications could be harnessed [71, 72]. Thulium fiber lasers have also shown promise in
medicine, such as for fragmenting urinary stones [73].
Working at longer wavelengths, such as 2 μm, provides an advantage for generating mid-infrared
light. Thulium fiber lasers offer an efficient high peak power platform for directly pumping an
optical parametric oscillator, such as ZnGeP2 [74, 75]. These platforms also enable all-fiber,
compact sources for supercontinuum generation [76]. Because silica fibers have a ~2.5 μm
absorption edge, different glass compositions allow supercontinuum extending to 4 μm, such as
chalcogenide [77].
For scaling USP peak powers, it will be shown in Chapter 3 that some nonlinear effects scale
inversely with wavelength. Therefore, by operating at a longer wavelength, these nonlinear effects
are mitigated relative to a 1 μm counterpart. This is one major inherent advantage of working with
thulium. Another is seen by Equation 3, in which longer wavelengths allow single-mode operation
for larger core diameters.
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CHAPTER 3: LIMITATIONS FOR SCALING PEAK POWERS
The generation and amplification of USP to high peak powers has enabled the study of many
interesting nonlinear effects (NLE). However, when amplifying USP, NLE distort the pulse
spectrum and leads to degradation of pulse quality. To produce transform-limited, high quality
pulses, NLE need to be mitigated. The onset and strength of these NLE highly depend on the
optical intensity and interaction length. Because of this, USP fiber amplifiers suffer the most due
to their tightly confined MFA and long guidance. Hence, main limitations in scaling peak powers
in fiber systems is largely due to NLE, with some bottlenecks also arising from fiber damage and
thermal effects [78, 79]. In the 3 MW USP system, pulse quality was degraded due to multimode
interference (MMI), but has potential for further peak power scaling before the onset of NLE [8].
In this chapter, four limiting NLE are described in section 3.1, and are related to the third-order
susceptibility, χ(3). These NLE can be grouped into two categories: those arising from the Kerr
effect such as self-focusing and self-phase modulation (SPM); and those arising from inelastic
scattering such as stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS).
Section 3.2 introduces MMI and its effect on pulse quality, which degraded the 3 MW USP system.
Lastly, section 3.3 reviews record peak power systems and their approach at mitigating the onset
of NLE.
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3.1 Nonlinear Effects
3.1.1 Self-focusing
As light propagates through a medium, it has been shown that the refractive index is modified by
the light’s intensity, known as the Kerr effect [9, 80]. This can been seen in Equation 5, where 𝑛2
is the nonlinear index with units of m2 /W.
𝑛(𝑟) = 𝑛 + 𝑛2 𝐼(𝑟)

(5)

Most materials exhibit positive 𝑛2 values, such as silica. Thus, for a fiber’s fundamental mode, the
center of the beam experiences a larger refractive index than the outside. This causes a positive
lensing effect, known as self-focusing. Equation 6 shows that at a critical peak power, Pc, the
lensing effect overcomes diffraction and causes the beam to collapse on itself.
𝜆2

𝑃𝑐 = 𝛼 (4𝜋𝑛𝑛 )
2

(6)

In this formula, α is a constant found to be ~1.8 – 2.0 [81]. For linearly polarized light in silica
fibers, this theoretical critical power is ~4 MW at 1 μm, and ~16 MW at 2 μm (𝑛2 ≅ 2.7 ×
10−20 m2 ⁄W [82]). Peak powers > 5 MW have been reported in a sub-nanosecond system
utilizing an 80 μm core Yb:PCF amplifier [83]. At these pulse durations the nonlinear index
decreases allowing theoretical peak powers in the 5 – 6 MW range. Nonetheless, the self-focusing
effect enforces a limiting peak power inside a solid-core fiber, and can only be mitigated by
working at longer wavelengths, such as 2 μm. Future directions to surpass this limit are hollow
core fibers to maintain benefits of fiber delivery, while reducing the nonlinear index by
propagating in air [81, 84].
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3.1.2 Self-phase Modulation
While self-focusing was the spatial result to the Kerr effect, SPM is the temporal analog [85, 86].
The additional phase shift the pulse, with power P0, encounters due to the Kerr effect across length
Leff is shown in Equation 7.
𝛷𝑆𝑃𝑀 = 𝑛2 𝐼(𝑟) ∙ 𝑘0 𝐿𝑒𝑓𝑓 =

2𝜋 𝑛2

𝐿 𝑃
𝜆 MFA 𝑒𝑓𝑓 0

(7)

As the pulse passes through the medium, the frontside will experience an increase in instantaneous
frequency while the backside experiences a decrease. This will result in the pulse’s bandwidth
spreading, due to the generation of additional frequencies. If the power is continually scaled, peaks
and dips in the optical spectrum occur due to constructive and destructive interference between
identical frequencies. These spectrum degradations affect pulse quality and are unwanted.
As seen in Equation 7, alleviating SPM onset can be accomplished experimentally be either
reducing fiber length or increased MFA. The former is not reasonable when high gain is desired,
and the latter is being applied by movement towards PCF with large MFA. Additionally, working
at 2 μm relieves the onset of SPM by the inverse proportionality to wavelength.

3.1.3 Stimulated Raman Scattering
When light scatters from a particle, it typically leaves with the same energy as it started, known as
Rayleigh scattering (elastic scattering). However, very rarely the energy for the scattered light will
be smaller, or larger, than it started. This shift in energy is due to the vibrational or rotational
energy of the particle the light scattered from. For solid materials such as silica fibers, it is due to
vibrational energies, ħωvib [87]. This occasion is known as spontaneous Raman scattering (inelastic
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scattering). Figure 6 shows a Jablonski diagram for these processes. A Stokes shift corresponds to
light, Es , losing energy to the vibrational energy of the molecule, and anti-Stokes shift being the
opposite. A Stokes shift is more probable than anti-Stokes.

Figure 6. Jablonski diagram for Rayleigh and Raman scattering.
If the input signal is sufficiently powerful, and the interaction length is long (such as in a fiber),
then the spontaneous Raman shifted light can become a seed and experience amplification. This is
known as stimulated Raman scattering (SRS), and shifts the laser signal to a different frequency
disrupting the optical spectrum. In silica, the frequency shift is maximum at ~13 THz [86]. For
CW lasing, the threshold input power for when the forward propagating Stokes wave is equal to
the signal wave’s output power is given by Equation 8, where gR is the Raman-gain coefficient
[86].
𝑆𝑅𝑆
𝑃𝑡ℎ
≈

19

16 MFA
𝑔𝑅 𝐿𝑒𝑓𝑓

(8)

For USP, this approximation begins to break down due to group velocity dispersion and
pump/signal walk-off [86]. For pulses < 100 femtoseconds, SRS analysis becomes even more
complicated because the pulse duration is the same order of magnitude as the Raman response
time. However, Equation 8 still highlights key factors to increase SRS threshold. Reducing
interaction length and increasing MFA, such as in PCF, will alleviate SRS symptoms. Also, gR is
inversely proportional to wavelength, so increasing wavelength consequently increases the
threshold, another benefit for working at 2 μm.
Lastly, an important effect in USP systems is intrapulse Raman scattering [86]. Because of the
USP large bandwidth, the high frequency components can transfer energy to the low frequency
components. This will redshift the pulse’s spectrum and has applications in Raman soliton selffrequency shift (SSFS) amplifiers for tuning output wavelengths [88], which is exploited in the 3
MW system [8, 89].

3.1.4 Stimulated Brillouin Scattering
While SRS dealt with inelastic scattering from vibrational modes, SBS is inelastic scattering from
low frequency acoustic modes. The signal wave induces density fluctuations in the fiber from
electrostriction, producing a refractive index grating. This grating causes Bragg diffraction, and in
contrast to SRS, the scattering for SBS occurs in the backward direction reflecting the signal
power. This effectively limits forward output power. As with SRS, a similar analysis can be carried
out producing Equation 9. This shows the threshold power for when Brillouin scattering becomes
stimulated in a CW laser, where gB is the Brillouin-gain coefficient [86].
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𝑆𝐵𝑆
𝑃𝑡ℎ
≈

21 MFA
𝑔𝐵 𝐿𝑒𝑓𝑓

(9)

Because SBS in silica fibers has a narrow gain bandwidth of ~10’s MHz, USP rarely suffer from
SBS because of their large bandwidth. SBS is a major limiting factor in single-frequency
amplifiers. For low repetition rate (<10 MHz) USP systems, effects from SBS essentially cease to
occur because the signal pulse duration is much shorter than the acoustic lifetime, which is ~10’s
nanoseconds [86]. Nonetheless, mitigating SBS is accomplished using the same methods as SRS,
by increasing MFA and decreasing effective length. Furthermore, SRS has a lower threshold and
is more prevalent for USP systems.

3.2 Multimode Interference
To mitigate the aforementioned NLE as well as fiber damage, scaling the fiber diameter is an often
used solution. However, as you increase fiber core diameters, the waveguide will begin to support
HOM. Methods to minimize HOM content were discussed in section 2.2.3 and section 2.3.
If a fiber that supports few HOM is used as a final power amplifier, inevitably some power will be
located in this HOM content. Typically, the power distribution is optimized where the HOM would
be negligible and not considered of any importance. However, in USP, this can ultimately affect
pulse spectrum and compressed pulse quality due to MMI.
MMI occurs because different transverse modes propagate at different velocities, due to
differences in effective index [11]. For example, if there are two modes excited in a fiber, these
two modes will propagate with a group delay difference dependent on the difference in propagation
speed, and on fiber length. Because the two modes are coherent and propagating in the same
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waveguide, they interfere constructively or destructively at each wavelength dependent on the
relative phase at the measured location. This will produce peaks and valleys in a broadband optical
spectrum. These spectral modulations are used for measuring HOM content via S2-analysis [90].
Fundamentally, a broad spectrum is required in order to produce USP. Therefore, if MMI occurs
during amplification of an USP, the optical spectrum becomes distorted due to these peaks and
valleys. The spectrum is no longer transform-limited because of these modulations. Compressing
the pulse will result in sub-optimal pulse duration, and satellite pulses that remove useful energy
from the main pulse. This will limit achievable pulse durations and peak powers in USP if not
prevented. As anticipated, this is undesirable and single-transverse-mode beam quality is preferred
prior to amplification and pulse compression.

3.3 Recent Progress in Scaling Peak Powers
Due to ytterbium’s simple energy level structure and small quantum defect, the majority of high
power fiber lasers are ytterbium doped. Nonetheless, scaling peak powers in these systems face
similar difficulties to thulium doped lasers, namely NLE and fiber damage [23]. The two
straightforward solutions to mitigate NLE are increasing the pulse’s spatial and temporal
parameters to reduce the optical intensity. This is accomplished by increasing the fiber’s MFA and
spreading the pulse duration. The former method was discussed in Chapter 2, and the latter method
is routinely performed by chirped pulse amplification (CPA) [91]. In this technique, a dispersive
element first increases the pulse duration prior to amplification. This consequently reduces the
peak power reached in the fiber during amplification. The amplified output pulse is then
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compressed via the opposite dispersion used to stretch it, resulting in high peak power, ultrashort
pulses. Figure 7 graphically demonstrates this approach.

Figure 7. Graphical demonstration of CPA.
For ytterbium-doped fiber systems, [92] reported peak powers of 2.5 MW in 2003 using CPA and
LMA Yb:SIF with MFA of 415 μm2. Because the large SIF supported HOM, bend losses had to
be introduced, but still enabled nearly single-mode beam quality with M2 ~ 1.1 [92]. The same
group then utilized a PCF amplifier in 2005, increasing peak power outputs to 8.2 MW with over
100 W average power [93]. This Yb:PCF had MFA of ~1000 μm2 and provided single-mode beam
quality with M2 < 1.2. In 2007, ~1 GW peak powers were produced using a similar technique, but
employing a ~4000 μm2 MFA Yb:PCF to reduce onset of NLE [50]. At the highest output, satellite
pulses were observed due to SPM. Lastly, the record peak power of 3.8 GW was accomplished in
2011 [56]. This required incorporating a spatial light modulator to actively control the pulse’s
phase, and a 8600 μm2 MFA Yb:LPF for the final stage amplifier. Further power scaling was
believed to be limited by mode-anticrossing [56].
A downside to the systems discussed is the need for free-space grating compressors, as well as the
rigid rod-PCF. These ruin the compact advantages of fiber architecture, requiring large spatial
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footprints for free-space compressors and non-bendable fibers. However, these drastic
improvements (peak power increase of 1500-fold in 8 years, seen in Figure 8) are demonstrating
that fiber-based systems can compete, and will eventually rival, bulk solid-state media.

Figure 8. Historical peak powers from USP, single fiber amplifiers [8, 50, 56, 92-96]
Thulium-doped fiber lasers are beginning to see a similar rise in performance as with the
ytterbium-doped counterparts. Main disadvantages with thulium are the increased heat load, and
immature fiberized components at 2 μm. However, these are being addressed and higher peak
powers are still practical. 2005 saw the first demonstration of a high peak power thulium-doped
system, using a Raman-shifted Er:Yb oscillator and amplifying in Tm:SIF to produce 230 kW peak
power without an external free-space grating compressor [94]. This system utilized a 25 μm core
diameter Tm:SIF with MFA ~ 400 μm2 as the power amplifier. This specific fiber, developed by
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Nufern [97], will be used as the final amplifier for all the following systems described, and is
commonly used in high-power thulium-doped systems. In 2010, CPA was introduced after
amplification of a thulium-fiber oscillator to compress the pulse duration, boosting peak powers
to ~580 kW [95]. In 2013, the custom-built system described in section 5.1 demonstrated >3 MW
peak power by reducing the repetition rate and utilizing CPA as well [8]. At the highest powers,
MMI degraded pulse quality impeding further scaling. PolarOnyx later demonstrated peak powers
of ~40 MW using a comparable system to our design [96]. They observed spectral broadening
attributed to Raman scattering, and believe the output could be potentially doubled with additional
pump power. Overall, USP thulium fiber lasers have seen a factor of 150-fold increase in peak
power over the past 8 years, seen in Figure 8.
In contrast with ytterbium systems, the mentioned USP thulium systems have yet to incorporate
novel PCF fiber designs to scale MFA. In the nanosecond regime, utilizing Tm:PCF as a final
amplifier produced record peak powers of ~1 MW [58]. Similar PCF designs can be integrated
into USP systems, potentially scaling peak powers to GW-levels. As mentioned previously,
thulium’s 2 μm emission inherently mitigates some NLE compared to 1 μm. Thus, peak powers in
thulium systems could potentially outperform ytterbium systems in the future.
A final comment on power scalability is that these GW-level record peak powers still fall short of
TW bulk solid-state systems. Single fiber amplifiers inherently have limits, requiring new methods
to reach extreme peak powers for high-intensity physics experiments. One method, routinely used
in CW systems, is beam combining. For USP, this requires active phase control, and has already
been demonstrated using four Yb:LPF producing 1.8 GW peak power, 530 W average power, and
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excellent beam quality of M2 ~ 1.2 [98]. Another method is divided-pulse amplification, in which
the pulses are delayed temporally and amplified in the same fiber [99]. Combining these two
methods could produce fiber CPA systems with TW-level peak powers and kW-level average
powers.
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CHAPTER 4: “ALL-FIBER” LASER SYSTEMS
The end goal for fiber laser design is to achieve an “all-fiber” setup that removes free-space
components. The telecommunication boom, occurring at 1.55 μm, pioneered this effort for erbiumdoped fibers. However, mature fiberized components at wavelengths such as 2 μm are still being
developed, including their power handling capacity. Section 4.1 will overview the required
components and recent development for these component at 2 μm. Section 4.1.1 will detail fiber
pump combiners, due to their relation to the experimental work in Chapter 5. Lastly, section 4.2
will highlight some recent systems incorporating these elements for an “all-fiber” layout.

4.1 Fiber Components
The minimum components needed to produce a fiber laser can be seen in Figure 9. This shows
free-space coupling through dichroic mirrors that provide pump input as well as signal feedback.
This configuration is not optimal because coupling into a 5-25 μm diameter fiber core is
susceptible to environmental effects and is not easily packaged.

Figure 9. Basic, free-space, fiber laser schematic.
To facilitate “all-fiber” laser architecture, there are three key components: pump combiner, fiber
Bragg grating (FBG), and fiber isolator. The pump combiner removes the necessity for dichroic
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mirrors, and enables a fiberized method to inject pump light. This component is discussed in
section 4.1.1. The FBG acts as the signal feedback, and manufacturing conditions can produce a
high- or low-reflectivity FBG at the desired wavelength, depending on the usage [100]. Isolators
are imperative to prevent feedback into the cavity, and isolators can actually be produced inside
the fiber itself [101, 102], with a commercial product available [103]. Some additional fiber
components that are useful and/or depend on the fiber design and application are: mode-field
adaptors, splitters, circulators, chirped FBGs, saturable absorbers, etc. Figure 10 shows a fiberized
laser system, highlighting no free-space coupling and the inherently compact design.

Figure 10. Fiber laser system utilizing “all-fiber” components.
Specifically, fiber isolators at the 2 μm regime have just recently become commercially available.
High power handling with low insertion loss and high isolation is challenging in this regime,
especially if attempting to cover thulium’s broad bandwidth. A handful of companies produce 2
μm isolators, such as Thorlabs [104], AdValue Photonics [105], and Shinkosha [106]. In the past
couple of years, specifications have improved and typical power handling capacities are 5-10 W.
Isolations and PER greater than 30 dB are now available, however with a larger cost compared to
1-1.55 μm products.
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FBGs allow an all-fiber mirror and output coupler for laser construction. Many companies produce
these, although very few openly supply them at 2 μm, such as TeraXion [107], ITF Labs [108],
and O/E Land, Inc. [109]. It is likely that companies specializing in FBG design would collaborate
with a group requiring special wavelength considerations. Nevertheless, typical reflection
bandwidths are ~5 nm or less, and broadening this would be useful for USP systems or
miscellaneous applications.
Another vital component for fiber lasers are mode-field adaptors (MA). These components modify
the beam’s MFA. An example is transferring from a 10 μm to 25 μm fiber core diameter, typically
found when coupling from low-power oscillators to high-power amplifiers. A common method to
produce this is via tapering, where the fiber is heated and stretched to adiabatically shrink the coreto-cladding ratio [110]. Considerations imperative to MA design are power conservation,
maintaining single-mode quality, maintaining polarization if PM, and high power handling
capacity. The tapering routine can typically be done in-house, leading to robust, low-loss MA after
optimizing the tapering routine. There are many suppliers for high-power MAs, and it is likely any
could produce them for 2 μm on request. ITF Labs is the company used in our custom-built
thulium-doped system [89, 111].

4.1.1 Fiber Pump Combiners
Components that enable all-fiber pump coupling with high power thresholds are crucial for fiber
laser development [112]. These technologies typically use fused tapered fiber bundles (TFB) to
combine multiple pump sources into one output fiber [113, 114]. TFB are produced by arranging
N fibers in a close-packed structure around a central fiber, to produce circular symmetry. Then,
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the fiber bundle is heated to fuse the fibers, and then tapered to a final dimension dependent on the
application. These are denoted by (N + M):1, where N is the number of pump fibers, M the number
of signal throughput fibers, and :1 denoting that one fiber is the resultant output. Figure 11 shows
a diagram and facet profile schematic for a (6+1):1 combiner.

Figure 11. Left: Diagram of how a TFB is implemented [115]. Right: Facet profile schematic
for a (6+1):1 bundle with surrounding capillary.
While the design for TFB may seem simple; efficient and robust manufacturing routines are
required to produce efficient pump coupling and brightness conservation through the component.
Even just 90 % coupling efficiency for a multi-kW pump combiner generates 100’s watts of heat
dissipated in a localized region. Therefore, efficient thermal packaging is just as important as
producing the TFB.
Nonetheless, commercial pump combiners are available, and are rated for > 1 kW performance
[116-118]. Signal combiners with 4 kW power handling capabilities have also been reported [119].
While the TFB allows all-fiber integration for laser oscillators and amplifiers, it doesn’t permit
easy integration for complicated designs such as PCF. A new class of pump combiners utilizing
PCF are now being investigated, one of which is detailed in section 5.2 and characterized in section
5.3.
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4.2 “All-fiber” 2 μm Systems
With the recent progress in fiberized components, systems operating in CW, nanosecond,
picosecond, and femtosecond regimes have already been developed that exploit the “all-fiber”
concept at 2 μm. Notably, the CW record output power of 1 kW was accomplished utilizing a
simple all-fiber MOPA architecture with two amplifier stages [120]. In the nanosecond regime, a
gain-switched 1.55 μm seed diode with a fiberized output pumped a thulium amplifier to produce
8 W of average power, 35 μJ pulse energy, and 25 nanosecond pulse durations in a polarized “allfiber” format [121]. The picosecond regime saw a similar design by utilizing a 2 μm gain-switched
diode as the seed for amplification in all-fiber Tm:SIF [122]. The final LMA Tm:SIF amplifier
was pumped via free-space coupling, but incorporating an all-fiber pump combiner would be
feasible. Nonetheless, record peak powers of 100 kW were achieved in this 2 μm picosecond
system.
Mode-locking 2 μm femtosecond pulses in an all-fiber format has been accomplished in many
ways as well. The first thulium-doped figure-eight laser was all-fiber and permitted output pulse
durations from 100 picoseconds to 20 nanoseconds [123]. This also used an all-fiber amplifier to
generate 50 nJ pulses compressed at 370 femtoseconds. A carbon nanotube saturable absorber was
used in [124] to generate ~1 picosecond output pulses, and then by stretching a fiber taper, the
output was wavelength-tunable over 50 nm. These two cases are of interest for their tunable pulse
durations and center wavelengths. Another method for producing all-fiber femtosecond pulses is
nonlinear polarization evolution, as in [125]. Overall, several papers have reported all-fiber 2 μm
ultrashort pulse generation, including the custom-built system described in section 5.1.
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CHAPTER 5: CHARACTERIZATION OF A PCF PUMP COMBINER FOR
POTENTIAL USP AMPLIFICATION
From Chapter 2, PCFs were introduced that demonstrated huge advancements in scaling MFA
while remaining essentially single-mode. This consequently decreases the optical intensity in the
fiber during amplification, mitigating NLE as discussed in Chapter 3. Namely, their improved
single-mode guidance over SIF make them attractive to minimize MMI, which was the limiting
factor for further peak power scaling in the custom-built, 3 MW, thulium-doped USP fiber system.
In this Chapter, we investigate the performance of an integrated component that incorporates a
Tm:PCF amplifier and pump combiner to further increase peak powers. The component’s
architecture is also all-fiber, simultaneously enabling the benefits for an “all-fiber” system as
discussed in Chapter 4.
To provide an example of MMI and the limitations this can pose during amplification, section 5.1
overviews the 3 MW USP system. The final Tm:SIF amplifier is deemed inadequate and section
5.2 presents a pump combiner that incorporates PCF geometry. This pump combiner is spliced to
Tm:PCF to form an amplifier, and is characterized in section 5.3 using a CW source. In section
5.4, it is concluded that the component is suitable for USP amplification, but needs further
optimization to enable higher optical-to-optical efficiencies.

5.1 3 MW, sub-500 Femtosecond, Thulium-doped Fiber Laser
Before the PCF pump combiner is detailed, it would be useful to first overview the 3 MW system
in which MMI occurred. Dr. R. Andrew Sims constructed the system as part of his PhD
dissertation, and the front-end comprises a soliton mode-locked (ML) oscillator, which is coupled
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into a Raman SSFS amplifier to broaden and smooth the spectrum. This output is temporally
stretched via a chirped Bragg grating (CBG) and sent through a pulse picker reducing the repetition
rate. It is subsequently amplified and compressed to 3 MW peak power [8, 89].
In detail, the oscillator entails a carbon nanotube saturable absorber that initiates ML [126].
Because 2 μm falls in the anomalous dispersion regime in the fiber, the pulses ML in the soliton
regime, in which the Kerr effect balances dispersion to produce stable pulses [127]. Figure 12
shows the all-fiber oscillator schematic and a typical output spectrum, exhibiting Kelly sidebands
which are typical for soliton ML fiber oscillators [128]. Polarization controllers were used to help
ensure stable ML assisted by nonlinear polarization evolution [129].

Figure 12. (a) 3 MW system’s soliton ML oscillator. (b) Typical spectrum for the oscillator,
exhibiting Kelly sidebands [89].
The output pulses had a 5 nm spectral bandwidth centered at 1975 nm with a 60 MHz repetition
rate. This was free-space coupled through an isolator into a Raman SSFS amplifier to smooth the
spectrum of the Kelly sidebands and shifts the center wavelength to 2020 nm. This Raman SSFS
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amplifier also broadens the bandwidth to produce transform-limited 150 fs pulses. To promote
CPA, a CBG is then used to chirp the pulses to ~160 ps. Figure 13 shows a Raman SSFS pulse
overlaid on top of the CBG reflectance window.

Figure 13. Spectrum of the pulse reflecting off the CBG, and the CBG’s reflectance window
[89].
These chirped pulses were amplified in a 10/130 Tm:SIF prior to reducing the repetition rate to
100 kHz with an electro-optic modulator, and then re-amplified in a 10/130 Tm:SIF. Lastly, a
25/400 LMA Tm:SIF amplifier is used to promote ~3 MW peak powers after compression using
free-space diffraction gratings [8]. The simplified schematic can be seen in Figure 14.

Figure 14. 3 MW system’s schematic; CBG: chirped Bragg grating, MA: mode-field adaptor.
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The compressed output pulses show satellite pulses in the autocorrelation, with 1 μJ confined to
the central 500 fs region, seen in Figure 15. The degraded pulse quality is due primarily to MMI.
Pulse spectra were taken at several points surrounding the LMA Tm:SIF amplifier, also shown in
Figure 15. This clearly shows that MMI (spectral modulations) was first initiated by the fiber
splices and MA, and significantly magnified during amplification in the LMA Tm:SIF.

Figure 15. Top: Spectra at various points around the LMA Tm:SIF amplifier. MMI occurs after
the MA and is further aggravated with amplification. Bottom: Autocorrelation trace [8].
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These spectral oscillations that cover the frequency envelope produce satellite pulses in time, offset
from the central pulse. This is because frequency/time are related by the Fourier transform. Thus,
it is necessary to mitigate MMI. PCF meets this requirement while simultaneously providing large
MFA. In the next section, we introduce an integrated pump combiner that incorporates a MA from
SIF to PCF for incorporation into an all-fiber amplifier.

5.2 Integrated PCF Pump Combiner
As discussed in section 4.1.1, pump combiners based on step-index profiles are commercially
available and permit power scalable, all-fiber systems. New approaches to include PCF designs
are imperative for promoting single-mode, low nonlinearity, high power amplifiers. However,
PCF’s microstructured design and air holes make all-fiber integration complicated. Conventional
splicing techniques collapse the air holes during heating, destroying the waveguide structure.
Directly splicing SIF to PCF leads to high transmission losses, requiring specialized techniques
and optimized splicing routines to minimize loss.
Several papers have been presented at conferences detailing pump combiners that incorporate PCF
architecture since 2007 [130-132]. The pump combiner investigated in this work was
manufactured by Optical Engines, Inc. The design consists of three stages: a fiber bundle
containing the signal SIF and multimode pump fibers, a combining fiber that maintains core
dimensions with an adiabatically etched taper that reduces cladding dimensions to match the PCF
pump cladding, and the output PCF fiber. All three stages are spliced together. A pump combiner
utilizing this design was first described in 2010 [133]. Figure 16 shows a schematic of the combiner
architecture.
36

Figure 16. Typical PCF pump combiner architecture.
Important design considerations for constructing such combiners entail maintaining pump
guidance and brightness while transferring from the SIF bundle to PCF output. Highly optimized
routines have produced these pump combiners operating at ~92 % pump transmission, with the
majority of losses occurring at the tapered fiber to PCF splice [134]. Optical Engines, Inc. create
a cladding mode stripper at the taper to PCF splice to remove this uncoupled light. This is
accomplished by etching a portion of the PCF after the splice.
For high power operations, such as the 1.5 kW of pump power in [134], this still produces 100’s
of watts of heat dissipated into a localized region. A specialized package for the combiner was
developed to remove this heat, and Figure 17 shows that the highest temperatures reached in a
similar combiner was 104 °C, which is far below the 260 °C limit for the silicon used to secure the
fiber. Nevertheless, Optical Engines, Inc. is developing further iterations of packaging to handle
higher heat loads, for further pump power scaling.

37

Figure 17. Thermal image of a similar combiner at 1.5 kW pump power [134].
Optical Engines fabricated a similar set of pump combiners utilizing Tm:PCF, and this work
describes some of the initial characterization of the amplifier performance at 2 μm. The
specifications for this pump combiner are as follows, with mode-field/cladding diameters listed in
microns: fiber bundle containing one PM-SIF 24/250, 0.06 NA signal input and nine 105/125, 0.22
NA multimode pump fibers, which is spliced to a non-PM 32/480 SIF etched to match the pump
cladding diameter of a 39/250, 0.06 signal NA passive PM-DC-PCF. These are the calculated
mode-field diameters at 1932 nm. The taper fiber is non-PM because it is held rigidly straight, thus
polarization should be maintained throughout. Figure 18 shows facet images for the signal input
and a similar passive PCF output.
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Figure 18. (a) 25/250 signal input facet. (b) 50/250 passive PCF facet (the pump combiner was
purchased pre-spliced to Tm:PCF, this image is of a typical passive PCF matched for Tm:PCF
from NKT Photonics).
At the time of purchase, Optical Engines, Inc. did not have a 2 μm source, so the signal coupling
was measured at 1.55 μm, pump coupling was measured with fiber-coupled laser diodes at 980 nm
and 0.22 NA. Actual operating conditions would be signal coupling at ~1985 nm and pump
coupling at ~790 nm. The tested power loss and estimated transmission efficiency is seen in Table
1.
Table 1. Loss specifications for PCF pump combiner.
Port
* Loss (dB)
Estimated Transmission (%)
Pump 1
0.12
97.3
Pump 2
0.13
97.1
Pump 3
0.15
96.6
Pump 4
0.15
96.6
Pump 5
0.14
96.8
Pump 6
0.13
97.1
Pump 7
0.17
96.2
Pump 8
0.13
97.1
Pump 9
0.16
96.4
Signal **
1.7
67.6
* As tested with a 980 nm fiber-coupled laser diode at 0.22 NA
** Signal loss and PER measured at 1.55 μm.
Signal PER > 20 dB
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Overall, a similar integrated step-index to PCF pump combiner was demonstrated with a Yb:PCF
amplifier, producing ~1 kW output powers [134, 135].

5.3 CW Characterization of an Integrated, All-fiber, Tm:PCF Amplifier
In order to produce a laser amplifier, Optical Engines spliced the pump combiner to ~3 meters of
Tm:PCF, which was fabricated by NKT Photonics. The output facet was fused to prevent air-hole
contamination, and then cleaved at ~4.5° angle to prevent parasitic lasing, and. The PCF-Tm:PCF
splice was mounted and secured in a heat sink similar to the heat sink used for the pump combiner.
Figure 19 shows pictures of the initial set-up used for housing and cooling the integrated Tm:PCF
amplifier, a simplified schematic, and the Tm:PCF output facet.

Figure 19. Top: Picture of initial set-up for the PCF pump combiner. Bottom: Schematic for the
Tm:PCF amplifier and image of Tm:PCF output facet.
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The characterization was performed in two parts, both with CW seeds. First, a 25 mW broadband
amplified spontaneous emission (ASE) source was used to investigate the gain bandwidth and
spectral quality of the integrated amplifier. Second, a 650 mW laser seed was used to investigate
the slope efficiency, beam profile/quality, and polarization properties of the integrated amplifier.
All of these tests will be summarized and concluded in section 5.4 in relation to prospective use
as an USP amplifier.

5.3.1 Characterization using ASE Seed
For transform-limited sech2-shaped USP (as generated in the 3 MW system’s oscillator), a spectral
full-width half-maximum of at least 8 nm is required to achieve 500 fs pulses, and 40 nm is
required for 100 fs pulses (at a center wavelength of 1950 nm). If the amplifier’s gain bandwidth
is too narrow, gain narrowing can occur. In this scenario, the spectral content of the pulse
correlating to the amplifier’s gain maximum experiences more gain than the wings, effectively
decreasing spectral width. This can limit the achievable output pulse duration. Thulium is known
for possessing a large gain bandwidth as mentioned in section 2.4, and a broadband ASE source
was utilized to test the amplification bandwidth of the integrated PCF amplifier.
The ASE source was constructed by splicing a 35 W, 79x nm pump diode (DILAS) to a 2+1:1
PM-SIF pump combiner (ITF Labs). Because this system is designed to be an ASE source, the
pump diode was spliced in the counter-propagating configuration to enable higher ASE powers
compared to co-propagating. The signal output was spliced to ~2 meters of 10/130 Tm:SIF
(Nufern) while the signal input was splice to a fiber-coupled isolator (Thorlabs) that ensured
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polarized output. To prevent parasitic lasing from Fresnel reflections, the Tm:SIF was angle
cleaved at ~8°. This system could produce 25-30 mW of ASE before the onset of parasitic lasing.
Although the amplifier is designed for an all-fiber integration, the ASE source was not spliced
directly to the pump combiner signal input. The fiber-coupled isolator contains a 7/125 fiber output
while the pump combiner’s signal input is 20/250. There was no MA at the time to join these
dissimilar fibers, and optimizing and performing a taper was determined to be of no benefit for
such initial characterizations. The ASE output was coupled into the pump combiner input using a
4.5 mm to 11 mm focal length lens system to optimally match the MFA and NA of the pump
combiner’s SIF input. A half-wave plate was used to align polarization to the stress rods, providing
optimal coupling efficiencies and polarized output from the amplifier. Figure 20 shows the set-up
used in testing amplification of the ASE source.

Figure 20. Set-up for characterizing amplification of a broadband ASE source. LD – 35 W, 79x
nm pump diode, L – lens, HWP – half-wave plate, DM – dichroic mirror.
The amplifier was fastened to an aluminum plate water-cooled to 14 °C. Two 35 W, 79x nm
(DILAS) pump diodes were spliced to the amplifier enabling ~70 W of usable pump power. At the
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output, a dichroic mirror rejected unabsorbed 79x nm pump light and transmitted amplified 2 μm
signal light, which was collimated and characterized.
Figure 21a shows the optical spectrum of the ASE source, while Figure 21b-f show the spectrum
amplified at increasing pump powers. Figure 21f shows the onset of parasitic lasing, which
occurred at pump powers of ~35 W.
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Figure 21. (a) Spectrum of the ASE source. (b-d) Amplified spectrum at pump powers of 10 W,
17 W, 25 W, 33 W. (f) Onset of parasitic lasing, which occurred at pump powers of ~35 W.
Insets for (b-d) show the corresponding far-field beam images.
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As seen in Figure 21a, the ASE source has spectral bandwidth > 100 nm at the -10 dB level,
centered at 1915 nm. At 10 W of pump power, the spectral bandwidth is reduced due to
reabsorption in the Tm:PCF. This occurs because of the quasi-three-level nature of Tm:fiber, in
which shorter wavelengths are reabsorbed more strongly. In Figure 21c-e, reabsorption effects
decrease as pump power is increased, resulting in a spectral bandwidth of ~90 nm at the -10 dB
level for 33 W pump power, centered at ~1920 nm. The ASE source was amplified to a maximum
of ~2 W output power before parasitic lasing occurred at pump powers of ~35 W, as seen in Figure
21f. The insets show the far-field beam profile, demonstrating Gaussian beam profile. Overall, this
gain bandwidth of the Tm:PCF amplifier is capable of supporting sub-100 fs transform-limited
pulses.
These amplified broadband spectra are also useful in characterizing the single-mode quality of the
amplifier by looking for spectral modulations. If the amplifier was supporting HOM, the different
propagation constants between the HOM and fundamental mode would produce periodic peaks
and valleys in the amplified broadband spectrum, as seen in Figure 15. Throughout amplification,
no spectral modulations were observed in the Tm:PCF amplifier, and manually perturbing the fiber
had no observable effect on beam quality or spectrum. Based on this assessment, along with
measurements detailed later, it is concluded that HOM are negligible.
A technique known as S2 that utilizes spectral MMI fringes to detect HOM powers as low as 0.1
%, and was used to characterize passive 25/400 LMA SIF and 50/250 PCF [28]. The Tm-doped
version of these fibers are used in the 3 MW system, and this integrated pump combiner,
respectively. As seen in Figure 22, bend losses reduce HOM content in the LMA SIF, however ~5
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% content remains in LP11 and LP02 modes. However, the PCF contains < 1 % HOM content in
the LP11, thus enabling virtually single-mode propagation. HOM content in the LMA SIF agrees
with the MMI seen in the 3 MW system from Figure 15. The lack of HOM content in PCF supports
the absence of spectral modulations in the amplified ASE spectra. This supports the conclusion
that HOM are negligible in the integrated Tm:PCF amplifier.

Figure 22. S2 analysis to detect HOM content in (left) 25/400 LMA SIF and (right) 50/250 PCF
[28].
Thus far, amplifying a broadband ASE source has demonstrated a large gain bandwidth and
absence of MMI in the integrated amplifier. These traits are useful for amplification of USP while
maintaining single-mode propagation. Next, the ASE source is modified to produce a laser seed to
study the amplifier performance at higher power including beam quality, gain, and polarization
maintaining properties.
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5.3.2 Characterization using Laser Seed
An oscillator was constructed to investigate the amplification properties of the integrated pump
combiner. This was accomplished by incorporating a feedback portion in the aforementioned ASE
system, using a highly-reflective mirror at 2 μm. The fiber-coupled isolator was removed, and the
output fiber was flat cleaved to form an output coupler from the ~4 % Fresnel reflection. This
system produced ~680 mW output power operating at ~1985 nm. The laser seed was coupled
through a free-space isolator into the pump combiner’s signal input, as shown in Figure 23.

Figure 23. Set-up for characterizing amplification of a laser source. LD – 35 W, 79x nm pump
diode, L – lens, HWP – half-wave plate, DM – dichroic mirror, P – polarizing beam cube, M –
highly-reflective mirror at 2 μm.
First, a beam propagation factor, known as M2, measurement was taken at ~10 W of pump power.
M2 is a quantitative tool to describe the focusing properties of a beam, in which the beam can be
considered M2-times diffraction-limited [136]. An M 2 ≅ 1 implies the same focusing conditions
as a diffraction-limited Gaussian beam. This is a common method used in characterizing laser
systems to quantify beam quality. This was conducted by focusing the collimated output through
a 500 mm lens, and measuring the beam width using a laser beam analysis software (Spiricon
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Pyrocam III). Beam widths at several locations through the focus are acquired and fit to Equation
10, in which 𝑤(𝑧) are the measured beam widths along 𝑧̂ (optic axis), 𝑤0 is the minimum beam
width, and 𝑧0 is the location of 𝑤0 . Figure 24 shows the fitted data, demonstrating M2 < 1.1 along
both 𝑥̂ and 𝑦̂ axes.
2

𝜆

𝑤 2 (𝑧) = 𝑤02 + 𝑀4 (𝜋𝑤 ) (𝑧 − 𝑧0 )2
0

( 10 )

Figure 24. M2 measurement taken at ~10 W of pump power for the amplified laser seed.
While the M2 measurement is not a robust method to prove single-transverse mode beam quality,
this result substantiates the conclusion that HOM content is negligible. Absence of spectral
modulations in the amplified ASE spectra, M 2 ≅ 1, and prior S2-analysis revealing < 1 % HOM
content in the passive PCF version all lead to a valid conclusion that HOM content is trivial and
single-mode propagation is demonstrated in this integrated amplifier.
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Next, the amplifier is operated at high pump powers to characterize the optical-to-optical slope
efficiency. Because thulium operates at a high quantum defect as described in section 2.4, the
Tm:PCF was held in a straight, 1-meter long V-groove to promote efficient heat extraction for
investigating optimal efficiencies. As shown in Figure 22, the absence of bend losses allows ~5 %
HOM content in the LP11 mode. This resulted in slight beam quality degradation that was observed
at the output. Future iterations will incorporate a 40 cm diameter mandrel to allow sufficient bend
losses and water-cooling operation.
Figure 25 shows the measured output power in the core by using an iris to filter out cladding light,
as well as far-field beam profiles. Cladding light was measured to be 100 – 230 mW of total output
power throughout amplification, and is therefore regarded as insignificant. ASE output power is
also plotted for comparison, using an iris to filter cladding light as well. Absorbed pump power
was calculated by multiplying by a factor of 0.92, and then subtracting unabsorbed pump power
measured after the dichroic mirror at the output. This 0.92 factor was chosen because 92 % pump
coupling was specified in a similar combiner discussed in [134]. The specifications in Table 1
show > 95 % pump coupling, however this was at 980 nm, not the 79x nm used here. Overall,
these factors may provide a slightly lower estimate on true absorbed pump power.
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Figure 25. Left: Slope efficiencies (core light only) and unabsorbed pump power for the
amplified seed. Right: Far-field beam profiles at denoted output powers.
A maximum output power of ~10 W was obtained at absorbed pump powers of ~55 W,
demonstrating a 22.1 % slope efficiency. Unabsorbed pump power remained below 4 %
throughout amplification. No roll-off in slope or saturation in pump absorption was observed. The
beam exhibits a Gaussian profile despite the potential HOM content from keeping the PCF straight.
The pump combiner is capable of supporting 9 pump diodes, correlating to ~300 W pump power.
However, as discussed below, it is concluded the component is not fully optimized so it is
premature to comment on the power scalability.
The signal throughput (zero pump power) including coupling losses and reabsorption was ~43 %,
with ~64 % of that in the core. An identical pump combiner was used in [137] and appeared to
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have 40-50 % signal throughput with spliced fiber coupling. These are much lower than the 67 %
coupling specified, but a rigorous analysis is complicated because of reabsorption in the Tm:PCF.
Nonetheless, the slope efficiency was low at 22.1 %. The identical pump combiner in [137]
achieved only ~12 % slope efficiencies, however that system was operating at low seed powers of
100 – 120 mW with picosecond pulses at 50 kHz. For comparison, various seed powers were
launched to investigate the effect on efficiency, seen in Figure 26. From this, higher efficiencies
than ~12 % for coupled seed powers of 100 – 120 mW are expected.

Figure 26. Slope efficiencies for varying seed powers.
Free-space coupling with counter-propagating pumping for Tm:PCF has demonstrated 36.6 %
efficiencies for lasing [49], and 31.8 % efficiencies for amplification of nanosecond-pulses at 20
kHz [28]. The only CW amplification efficiencies reported for a similar Tm:PCF was 27.6 %
[138]. In summary, amplification efficiencies > 30 % should be feasible for a Tm:PCF amplifier.
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The low efficiency performance can be attributed to either: poor pump coupling, poor signal
coupling, sub-optimal fiber length, or decreased performance by operating in co-propagating pump
geometry. Poor pump coupling would lead to heat deposition in the pump combiner. To investigate
this, an InSb thermal camera (FLIR SC7650) was used to image the combiner during amplification.
Figure 27 shows a thermal image taken at the maximum pump power of ~55 W, with the annotated
temperatures relative to temperatures with no pump.

Figure 27. Thermal image of pump diode, water-chilled plate, and pump combiner at maximum
pump power of ~55 W. Printed temperatures are relative to temperatures with no pump.
As seen in Figure 27, the water-chilled plate saw a minimal rise in temperature as expected. The
pump diode temperature was elevated, as expected due to ~50 watts of heat generated per pump
diode. The pump combiner saw a slight rise in temperature, but nothing indicative of detrimental
scattered pump light from poor coupling. Also, no thermally conductive adhesive was used to
optimally join the combiner to the water-chilled plate. Thus, these temperature increases could be
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further reduced. Overall, pump coupling appears to be satisfactory, and not the cause for low
efficiencies.
The three remaining possibilities are poor signal coupling, sub-optimal fiber length, or decreased
performance by operating in co-propagating pump geometry. Unfortunately, proper
characterization of the first two aspects would require deconstruction of the integrated amplifier,
whereas counter-propagating amplification would damage the combiner. Further discussion and a
potential outlook in regards to these concerns will be addressed in section 5.4 and Chapter 6.
Lastly, the polarization maintaining properties of the integrated amplifier were investigated. This
was achieved by using a half-wave plate to rotate the polarization on a Glan-Taylor polarizing
beam-splitter cube, then measuring maximum and minimum transmitted powers. This can be
converted to a PER in decibels, as seen in Equation 4. The seed laser after the isolator was
measured to have a PER of 29.5 ± 0.9 dB, primarily limited by the beam-splitting quality of the
beam-splitter cube. The amplified output was characterized, and the PER can be seen in Figure 28.
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Figure 28. PER of the amplified seed throughout the amplification range.
The amplified output maintained a PER of ~25 dB up to the maximum power of ~10 W. At 0.25
W, a change of 4 mW in minimum polarization throughput can reduce PER from 24 dB to 17 dB.
This is the cause of the PER dip at 0.25 W, and these sub-10 mW power fluctuations also induce
the 1-2 dB standard deviations. These power fluctuations in measured PER were due to minor
polarization state fluctuations. These fluctuations were observed when imaging the minimum
power transmission through the polarizer. These polarization instabilities are likely due to
imperfections at the taper or passive-to-active PCF splice, causing minute powers to be launched
into the orthogonal polarization. Furthermore, this is potentially correlated to the low slope
efficiencies seen earlier, from improper coupling in the combiner. Even so, PER of ~25 dB is
impressive and demonstrates potential in power scaling of highly polarized Tm:PCF systems.
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5.4 Experimental Conclusions
As previously discussed, the primary obstacle to scaling peak power beyond 3 MW in our Tm:fiber
CPA system was mode quality degradation in the large MFA amplifier leading to MMI. Tm:PCF
offers large gain bandwidth and very large MFA with nearly single-mode, diffraction-limited beam
quality. However, the microstructured air hole design makes these fibers difficult to integrate into
an all-fiber component. In this chapter, a novel all-fiber pump combiner that includes a Tm:PCF
amplifier was described and characterized to determine its potential for all-fiber, high peak power
USP amplification.
The most important characteristic investigated was the transverse mode quality of the amplifier.
MMI severely degraded compressed pulse quality in LMA Tm:SIF as seen in Figure 15, and robust
single-mode guidance is crucial to maintain transform-limited spectra. No spectral modulations
were observed throughout amplification of a broadband ASE source in the integrated Tm:PCF
amplifier, indicating negligible HOM content. An M2 measurement was performed on an amplified
seed laser, demonstrating M2 < 1.1. Free-space coupled and free-space pumped systems have
demonstrated excellent beam quality as well. This has been demonstrated in published S2-analysis
that measured < 0.1 % HOM content in passive PCF [28], indicating essentially single-mode
quality. The integrated combiner maintained similar mode quality performance, and proves that
the integrated combiner provides a pathway towards all-fiber, single-mode Tm:PCF amplification.
Additionally, the component demonstrated a high degree of polarization (PER ~ 25 dB), essentially
single-mode propagation (M2 < 1.1), and large gain bandwidth (~90 nm at -10 dB); however, the
slope efficiency was sub-optimal at 22.1 %. Slope efficiencies greater than 30 % have been

55

reported in Tm:PCF with free-space signal and pump coupling [28, 49, 138]. So there is clearly
room for pump combiner improvement in terms of efficiency. Low slope efficiencies must be
attributed to poor pump coupling, poor signal coupling, sub-optimal fiber length, or decreased
performance by operating in co-propagating pump geometry. Poor pump coupling was ruled out
by lack of thermal signatures in the combiner at high pump powers.
In order to directly measure signal (and pump) coupling requires breaking the passive-to-active
PCF splice; however until recently it would not be possible to re-splice the fibers. A recentlyacquired CO2-laser splicer facility is now in place but optimization of the PCF to PCF splicing is
not yet complete. This is currently being addressed, and this capability will be available in the near
future.
Performing a cut-back method, by removing portions of Tm:PCF, would enable analysis of the
fiber length. This method is also used to measure pump/signal absorption by measuring
pump/signal throughput as function of fiber length. However, this method inherently destroys the
costly Tm:PCF. Breaking the passive-to-active splice would be more valuable than a cut-back
method, as it allows reassembly of the amplifier.
Lastly, operating the pump combiner in a counter-propagating pump scheme to determine its effect
on slope efficiency is not feasible. This would cause > 10 W of amplified seed being guided
through the taper and out the SIF port, which goes against the manufactured design. This would
damage the combiner, and possibly the pump diodes as well.
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As a final comment, Figure 26 shows that the slope efficiency increases with higher seed powers.
However, it is unlikely this increase would produce > 30 % slope efficiencies. The 10/130
preamplifier in the 3 MW system seeds the LMA Tm:SIF final amplifier with 50 – 100 mW. Thus,
the 650 mW seed used in this characterization is a proof of concept high limit. If implemented into
the 3 MW system, even lower slope efficiencies would result from the decreased seed power. It is
important to note that the seed powers coupling into the Tm:PCF are unknown. Therefore, it is
possible that the taper exhibits high signal loss and that insufficient seed power is the primary
cause of the low efficiencies.
In general, a major theme of this thesis work is developing a protocol and test-bed for thoroughly
characterizing thulium-doped amplifiers with the ultimate goal of improving the performance of
USP amplification. This characterization is part of experiments to compare amplifiers based on
Tm:SIF and Tm:PCF in free-space coupled, all-fiber, co-propagating pump, counter-propagating
pump geometries in CW and pulsed operation. These levels of in-depth comparisons are important
for future fiber amplifier design and implementation. Currently, the performance of the all-fiber
PCF amplifier is being compared to a pre-existing free-space pump/signal coupled Tm:PCF
amplifier as well as an all-fiber Tm:SIF LMA amplifier for high energy nanosecond pulse
amplification
Ultimately, breaking the integrated amplifier’s passive-to-active splice will allow accurate
pump/signal coupling efficiencies to be measured without reabsorption effects. Also, the PER will
be examined to determine if the polarization instabilities originated from the splice. Further
characterization of the PCF pump combiner and the performance of Tm:PCF in as free-space
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coupled amplifier will provide insight as to how to improve the all-fiber Tm:PCF amplifier, in
particular to achieve slope efficiencies greater than 22.1 %. The ability to re-splice the Tm:PCF to
the passive PCF will be critical to improving device performance.
These analyses provide an understanding of the various compromises necessary to achieve the best
performance for 2 μm amplifiers. For example, to date Tm:SIF have demonstrated much higher
average power and higher efficiency relative to Tm:PCF at the expense of mode quality and peak
power scalability. As such, Tm:PCF has clear advantages for USP amplification whereas Tm:SIF
LMA is better suited for high average power nanosecond pulse amplification.
Even without the benefits of cross-relaxation, the work described in this thesis indicate that this
all-fiber Tm:PCF amplifier offers a path to scale peak power beyond the 3 MW level of our
previous demonstrate. This work highlights further development and improvement necessary to
achieve the promise of Tm:fiber to support USP systems with peak powers of ~100 kW in the
fiber, with compressed peak powers of ~1 GW.
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CHAPTER 6: CONCLUSIONS
In conclusion, scaling peak powers in USP fiber laser systems was discussed. As described in
Chapter 3, generating high peak powers in fiber waveguides is limited by the onset of NLE, such
as self-focusing, SPM, SRS, and SBS. These NLE are driven by high optical intensities. Two ways
to mitigate high intensities inside the fiber are scaling pulse duration or scaling MFA. Scaling
pulse duration is routinely accomplished using CPA. Scaling MFA in SIF was shown in Chapter
2 to be limited to ~400 μm2 because further increase caused unwanted HOM to propagate. HOM
content in the custom-built, 3 MW system produced MMI which degraded the compressed pulse
spectrum and limited further peak power scaling. To combat this, PCF architecture enables both
large MFA of ~1000 μm2 and nearly single-mode guidance. With all of these factors taken into
account, it is imperative to further investigate PCF-based amplifiers in terms of peak power
scaling.
While PCF is attractive, the microstructured design and air holes make PCF difficult to integrate
into all-fiber components. “All-fiber” laser systems, as discussed in Chapter 4, are valuable for
their environmental stability and compact footprint. Recent developments have seen pump
combiners incorporating PCF geometry that are capable of handling kW-level pump powers. This
thesis describes the performance of the first of its kind, all-fiber pump combiner spliced to a
thulium-doped PCF, enabling an all-fiber PCF amplifier at 2 μm. This innovative component is
the primary focus for experimental characterization, as detailed in Chapter 5.
Thulium-doped fibers are used in this research because they offer a large gain bandwidth, reduced
NLE, and applications at 2 μm. The large gain bandwidth is crucial for amplifying sub-100
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femtosecond pulses without gain narrowing. The 2 μm output wavelength inherently suppresses
NLE such as self-focusing, SPM, and SRS as compared to 1 μm. Also, this output wavelength
makes it attractive for supporting applications towards the mid-IR, such as supercontinuum
generation.
An integrated pump combiner and Tm:PCF amplifier was characterized using a CW source to
determine its feasibility in increasing USP peak powers. A crucial attribute for this component is
the demonstration of single-mode propagation. A broadband ASE source was amplified by the
Tm:PCF combiner to observe the gain bandwidth as well as look for spectral modulations. The
gain bandwidth was > 90 nm at the -10 dB level, indicating the ability to amplify sub-100
femtosecond pulses.
No spectral modulations were observed with amplification, a positive sign that HOM content is
minimal. The ASE seed was converted to a laser, and beam quality measurements show M2 < 1.1.
These results, along with a previously published S2 analysis showing < 1 % HOM content in
passive PCF, confirms that the integrated Tm:PCF amplifier operates with essentially single-mode
beam quality. This is a vital assessment showing that PCF will mitigate MMI as compared to the
LMA Tm:SIF used in the 3 MW system.
The 650 mW laser source was used to seed the amplifier, generating 10 W of output power and
22.1 % slope efficiency, as well as a PER of ~25 dB. Free-space systems utilizing similar Tm:PCF
have seen upwards of 30 % or greater efficiencies. The low efficiencies seen with the integrated
amplifier could be attributed to: poor pump coupling, poor signal coupling, sub-optimal fiber
length, or differences arising from co-propagating versus counter-propagating pump schemes.
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Thermal images of the combiner show minimal heating at the highest pump powers, concluding
that pump coupling is likely sufficient. Increasing the launched seed power does increase the slope;
however, the extent is the subject of further investigation. Nonetheless, the amount of coupled seed
power into the Tm:PCF is unknown. The free-space systems with greater than 30 % efficiency all
used counter-propagating pump schemes to promote higher gain. Operating the pump combiner in
this configuration would certainly cause damage. Thus, an accurate comparison between the
integrated and free-space amplifier requires a more thorough investigation of the free-space
amplifier performance in co-propagating configurations.
Overall, the all-fiber pump combiner and Tm:PCF amplifier demonstrated a large gain bandwidth,
single-mode propagation, and high degree of polarization. These attributes, notably the singlemode propagation, make it attractive for further peak power scaling at 2 μm. Optimizing a splice
routine for PCF will allow the passive-to-active splice to be broken knowing it can be replaced.
By doing this, an accurate analysis of signal and pump coupling can be examined. Determining
the source of low efficiency will allow customer feedback and an optimized version to be
developed. Constructing a co-propagating free-space Tm:PCF amplifier will enable direct
comparison with the integrated amplifier. Also, an additional USP source that operates within the
gain bandwidth of Tm:PCF will be developed to allow incorporation of the integrated Tm:PCF
amplifier. Between these three future goals, a detailed understanding of Tm:PCF amplifiers will
be gained, as well as direct comparisons of parameters such as: co- versus counter-propagating
pump schemes, Tm:SIF versus Tm:PCF performances, free-space versus all-fiber configurations,
and CW versus USP characteristics. Moving towards an all-fiber PCF amplifier is imperative to
continue further progress towards ~1 GW USP peak powers at 2 μm.
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